The biosynthesis of the peroxisomal enzymes acyl-CoA oxidase, 3-oxoacyl-CoA thiolase (acetyl-CoA acyltransferase, EC 2.3
In 1973, Goldfischer et al. (1) discovered that morphologically distinct peroxisomes are absent in liver and kidney of patients with the cerebro/hepato/renal (Zellweger) syndrome, an autosomal-recessive disease usually leading to death within the first year oflife. Peroxisomes are also greatly reduced in number in cultured skin fibroblasts from patients with the classic form of the Zellweger syndrome (2) . The deficiency of peroxisomes is accompanied by a number of biochemical abnormalities, including an accumulation in tissues and/or body fluids of very long-chain fatty acids (3), of pipecolic acid (4) , and of intermediates in the biosynthesis of bile acids (5) and a deficiency in tissue plasmalogens (6) . These biochemical abnormalities are in accordance with findings showing that peroxisomes play an essential role in the oxidation of very long-chain fatty acids (7), the catabolism of pipecolic acid (J. M. F. Trijbels, personal communication), and the biosynthesis of bile acids (8) and ether phospholipids (9) .
We have found (10, 11) that dihydroxyacetone phosphate acyltransferase and alkyldihydroxyacetone phosphate synthase, two peroxisomal enzymes (9) Immunoprecipitation, Electrophoresis, and Fluorography. The extracts were centrifuged for 1 hr in a Spinco centrifuge at 50,000 x g, and the supernatants were used for immunoprecipitation of labeled proteins as described (33) . The antibodies used were an anti-bovine liver catalase antiserum (17) , an anti-rat liver acyl-CoA oxidase IgG fraction (18, 34) , and an anti-rat liver 3-oxoacyl-CoA thiolase IgG fraction (34) . The procedures for NaDodSO4/PAGE and fluorography were as described (33) . Fig. 1 shows an experiment in which fibroblasts were labeled continuously for 4 days with [14C]leucine. After immunoprecipitation with anti-catalase serum, the main band seen in all cell lines was =62 kDa (Fig. lA; cf. refs. 20, 35, and 36) . The smaller sized bands represent degradation products. In the control cell line (Fig. 1B, lane C) , the immunoprecipitate obtained from anti-acyl-CoA oxidase IgG contained a prominent 52-kDa band corresponding to component B of rat liver acyl-CoA oxidase (18) and minor amounts of 72-and 20-kDa bands, corresponding to components A and C, respectively (18) . In contrast, the immunoprecipitates from a patient with infantile Refsum disease (Fig. 1B , lane R) and two patients with the Zellweger syndrome (Fig. 1B, lanes Z) contained only the 72-kDa band, and its intensity was higher than that of the same band in the other cell lines.
RESULTS
Immunoprecipitation of a homogenate of control cells with anti-3-oxoacyl-CoA thiolase IgG yielded three bands of 44, 42, and 41 kDa (Fig. 1C, lane C) . The 44-and 41-kDa bands correspond to precursor and mature 3-oxoacyl-CoA thiolase in rat liver (22, 23, 34) and the 42-kDa band presumably represents an intermediate form. Only the 44-kDa band was detected in immunoprecipitates of fibroblasts from the patients (Fig. 1C, lanes R and Z) .
The biosynthesis of acyl-CoA oxidase was studied further in pulse-chase experiments. In control cells pulsed for 1 hr with [35S]methionine a 72-kDa labeled protein was detected in the immunoprecipitate obtained with anti-acyl-CoA oxidase IgG; this component was converted to a 52-kDa form after a 24-hr chase (Fig. 2, lanes C) . The 20-kDa component could not be detected (cf. ref. 34 the Zellweger syndrome (Fig. 2 , lanes Z) and infantile Refsum disease (Fig. 2, lanes R) , a normal amount of the 72-kDa precursor and a very small amount of the 52-kDa form were found after the 1-hr pulse but very little conversion to the 52-kDa form occurred during the 24-hr chase period. Instead, the total amount of labeled protein decreased after a 24-hr chase. It should be noted that a considerable amount of the 72-kDa form was still present in fibroblasts from the patients after the 24-hr chase period.
Analogous results were obtained with 3-oxoacyl-CoA thiolase. In control fibroblasts the 44-kDa precursor formed after a 1-hr pulse was converted in part during a 24-hr chase to the 41-kDa mature protein, whereas this conversion was diminished in fibroblasts from Zellweger and infantile Refsum patients (not shown). The relative amounts of the 72-and 52-kDa components of acyl-CoA oxidase were quantified by cutting out the bands in an experiment similar to that shown in Fig. 2 and estimating the radioactivity in a liquid scintillation counter. The ratio of radioactivity in the 72-kDa band to that in the 52-kDa band decreased in control cells from a value of 10.3 after the pulse to 0.17 after the chase. In contrast, the ratio decreased only slightly in fibroblasts from the patients (from 6.1 to 4.3 in Zellweger fibroblasts and from 2.3 to 1.6 and 2.8 to 1.5 in fibroblasts from two patients with infantile Refsum disease). DISCUSSION Osumi et al. (18) have shown that acyl-CoA oxidase isolated from rat liver contains three components, A, B, and C, of Mr 72,500, 50,100, and 19,000, respectively. Figure 3 of ref. 18 suggests that the 50.1-kDa polypeptide is the main component. Evidence was presented (18, 34) showing that components B and C are derived from component A by proteolytic cleavage. Treatment of the isolated enzyme with trypsin led to disappearance of component A without a change in specific activity. The results presented in this paper suggest that in human skin fibroblasts acyl-CoA oxidase is synthesized as a 72-kDa precursor that is converted to the mature 52-kDa form of the enzyme (+20-kDa peptide). Similarly, 3-oxoacyl-CoA thiolase is synthesized as a 44-kDa precursor that is converted to the 41-kDa mature enzyme.
Thus in mammalian cells the maturation of at least two peroxisomal enzymes involves proteolytic processing. Fur-thermore, our results show that functional peroxisomes are required for efficient processing of the two enzymes; in fibroblasts from patients with the Zellweger syndrome (2, 14) and infantile Refsum disease (30) (31) (32) , in which peroxisomes are deficient, processing of these enzymes is impaired.
Miura et al. (34) have found in pulse-labeling and fractionation experiments with isolated rat hepatocytes that the precursor and mature forms of 3-oxoacyl-CoA thiolase are equally distributed between the cytosolic and particulate fractions. This result suggests that processing of 3-oxoacylCoA thiolase is not linked to transport into the peroxisome. Possibly the putative processing protease is present on the outer face of the peroxisome and transport into the peroxisome takes place after proteolytic processing.
Finally, the absence of peroxisomes and concomitant impairment of processing of acyl-CoA oxidase and 3-oxoacyl-CoA thiolase in fibroblasts from patients with the Zellweger syndrome (and infantile Refsum disease) is accompanied by breakdown of the newly synthesized precursors of these enzymes. This is in accordance with the deficiency of cross-reactive material observed in immunoblots of liver from the Zellweger patients (17) .
